The occurrence of P and N in the sediments has been investigated on Davies Reef in the central region of the Great Barrier Reef Complex. Concentrations of inorganic P and N in the water were typical of nutrient-depleted tropical surface water. Carbonate sediments were found to contain a uniform pool of P (300 ppm by wt), principally in the form of inorganic phosphate. The interstitial water of the surface layer of sediment contained micromolar concentrations of inorganic P and even higher concentrations of inorganic N, principally as ammonium. These nutrient concentrations should allow high rates of uptake of N and P by epilithic algae. Arsenate concentrations were considered too low to compete significantly with the uptake of available phosphate into algae. The presence of ammonium and soluble P was associated with anaerobic redox potentials in the sediments just below the surface. Soluble phosphorus was in equilibrium with a small, rapidly exchangeable fraction of the sedimentary pool of inorganic phosphate. Analyses of P in growing tips of Halimeda and corals (which supply more than half of reef sediments) suggested that the skeletons provide a biological mechanism for the replenishment of at least some of the sedimentary pool. Ratios of C:N:P for a selection of benthic algae were used as a preliminary indicator of their N and P status.
The occurrence of P and N in the sediments has been investigated on Davies Reef in the central region of the Great Barrier Reef Complex. Concentrations of inorganic P and N in the water were typical of nutrient-depleted tropical surface water. Carbonate sediments were found to contain a uniform pool of P (300 ppm by wt), principally in the form of inorganic phosphate. The interstitial water of the surface layer of sediment contained micromolar concentrations of inorganic P and even higher concentrations of inorganic N, principally as ammonium. These nutrient concentrations should allow high rates of uptake of N and P by epilithic algae. Arsenate concentrations were considered too low to compete significantly with the uptake of available phosphate into algae. The presence of ammonium and soluble P was associated with anaerobic redox potentials in the sediments just below the surface. Soluble phosphorus was in equilibrium with a small, rapidly exchangeable fraction of the sedimentary pool of inorganic phosphate. Analyses of P in growing tips of Halimeda and corals (which supply more than half of reef sediments) suggested that the skeletons provide a biological mechanism for the replenishment of at least some of the sedimentary pool. Ratios of C:N:P for a selection of benthic algae were used as a preliminary indicator of their N and P status.
In the open surface waters of tropical seas, the lack of available N and P for photosynthetic organisms has commonly been considered the major restraint on the biomass, resulting in a very low density of organisms (Eppley et al. 1973; Goldman et al. 1979) . Coral reefs, though surrounded by such water, cannot be constrained to the same degree by N and P. There are now several demonstrations of widespread nitrogen fixation on coral reefs Burris 1976; Crossland and Barnes 1976; Capone et al. 1977) , and even export of inorganic nitrogen from the matrix of a reef Andrews and Miiller 1983) . These observations have led to no firm conclusions concerning pools of available N or the influence of the increased availability of N on photosynthetic primary production. However, nitrogen fixation must be part of the explanation for the accumulation of life associated with the solid matrix of coral reefs.
A supply of P to maintain the organisms of a reef cannot be generated in situ like fixed N. Pilson and Betzer (1973) could not detect a net exchange of P between reef and water by concentrating on water flow across the crest of the reef at Enewetak Atoll. Other measurements have indicated a net liberation of P from some reef surfaces (Di Salvo 1974; Andrews and Miiller 1983) when water had been forced through sections of solid matrix. Purely chemical considerations suggest that carbonate sediments of coral reefs should adsorb phosphate strongly (De Kane1 and Morse 1978) , but this process is dependent on the concentration of phosphate in solution. Is it possible that the bulk of P absorbed for algal production is to be found as an integral part of the matrix of a reef?
We report here concentrations of P and N in the open water and interstitial water of Davies Reef (in the central region of the Great Barrier Reef Complex) and the occurrence of a pool of inorganic P in the sediments. This pool of P, in association with the P and N in interstitial water, was investigated as a source of nutrients for benthic primary producers. Our conclusions should apply to all coral reefs containing only carbonate sediments.
Recent research on natural levels of As (Sanders 1980 ) has led to a realization that arsenate can interfere in the biological cycling of phosphate in marine systems (Cooney et al. 1978) , particularly when phosphate is scarce. We were careful to take this into account in our investiga-465 tions 0.f P, since coral reef organisms tend to contain slightly elevated As (Benson and Summons 1981) , and corals can metabolize arsenate (Pilson 1974) .
We acknowledge the help and guidance of B. G. Hatcher with collection of samples from Davies Reef, S. Tudhope with the extraction of cores from the reef, and the assistance of A. Nott and V. Ryle with water analyses.
Study site-Davies
Reef Davies Reef, with dimensions of about 5.9 x 2.6 km ( Fig. l) , is one of a large number of individual reefs on the eastern half of the continental shelf off Townsville, Australia. It is about 70 km ENE of Townsville at 18"5O'S latitude, and there are no major reefs between it and the continent. The windward face of the reef, exposed to the prevailing weather, comprises a solid wall with many large indentations and a high coral cover on the SE corner. The leeward side is a broken wall with channels and actively growing areas. None of the surface is exposed, except at very low tides. A series of basins is found inside the front at the northern end, and there is a large open central lagoon (from 10 to 25 m) with many patch reefs. Figure 1 , from an aerial photograph, shows an outline of Davies Reef which approximates the contour at 3 m. All sections inside the reef are subject to tidal flushing. There is a distinct seasonal variation in water temperature (from 23" to 29OC).
Methods
Water and sediment samples were collected over a wide range of sites (Fig. 1) . The objective of our sampling strategy was to determine whether any significant differences in the phosphorus and nitrogen content of water or sediments could be detected over a range of varying conditions such as water depth, water residence times, types and abundances of benthic organisms, and composition of sediments.
W&er column analyses-Samples were collected in 4-liter Niskin bottles and subsamples in loo-ml acid-washed polythene bottles after filtration through a 20-pm plankton net (washed with detergent and acid). Filtration through 0.45~pm filters was abandoned as we found that significant contamination could be introduced by this procedure, as also found by Pilson and Betzer (1973) . Samples were stored at -20°C until analysis. Samples for As were collected in bottles containing As-free HCl and stored at 3°C until analysis (Chaem and Agemian 1980) . Phosphorus (as soluble reactive P), nitrate, nitrite, and ammonium were measured with a Technicon AutoAnalyzer II system, following the methods of Ryle et al. (1981) . Th ese methods used corrections for effects of refractive index changes in samples (or standards) similar to those described by Froelich and Pilson (1978) .
Arsenic was measured with a Varian model AA6 atomic absorption spectrophotometer with a model 65 vapor gen-erator accessory and an arsenic electrodeless discharge lamp. The method was based on the reduction of any arsenate to arsenite with KI/HCl, followed by reduction of total arsenite to arsine gas using NaBH, (Arbab-Zavar and Howard 1980; Hinners 1980) . Multiple replicates (usually 5), including standard additions, were run on each sample. The detection limit (based on 3 x SD of the blank signal) was 4 nM of As in seawater.
Sediment analyses-Sediment samples from the deeper waters outside the reef were collected with a grab sampler of the van Veen type. Inside the reef, surface sediment samples, to a maximum depth of 10 cm, were collected in labeled plastic bags by SCUBA divers. Deep cores, to 5 m, were taken from the large lagoon in a polyvinyl chloride casing tipped with a stainless steel corer and driven hydraulically. Samples of young, calcified Halimeda tips as well as young growing coral tips were collected from various locations and either immediately bleached or frozen in Dry Ice for transport to the laboratory. The most successful bleaching agent was a saturated solution of calcium hypochlorite in Davies Reef water at room temperature.
After several hours bleaching, the samples were thoroughly washed with distilled water and dried. The calcium hypochlorite contained about 12 pg P-g-l. Calculations, based on the usual amounts used per weight of sample bleached, showed that contamination from this procedure would be insignificant.
Carbonate samples (sediments, corals, Hulimeda) were dried and ground to pass a 50-pm sieve. Duplicate 0.5-g subsamples were analyzed for total phosphorus by a strong oxidizing acid digestion method and a standard calorimetric phosphate determination of the digest solution (Allen et al. 1974) . To minimize any effect of the high calcium matrix on the calorimetric determination, we prepared standards by adding standard KH,PO, solutions to 0.5 g of Merck A.R. CaCO,. A mixture of 0.1 g of NBS orchard leaves (0.20 + 0.01% P) and 0.5 g of CaCOs was used as a reference standard, Blanks contained 0.5 g of CaCO:{ only. All standards and blanks were digested and analyzed like the samples. A further modification of the standard method involved a final digestion stage of 4 h at 220°C to remove completely all traces of nitric acid, which was found to seriously affect the color development.
Arsenic was determined by dissolving 0.5 g of sediment in 10 ml of water and 5 ml of Merck 318 HCl, then heating at 80°C for 5 min. After dilution to 50 ml, 5ml aliquots were analyzed as described for water analyses. As reference standard, NBS coal fly ash was used (145 pg As. g-l).
Redox potential of the sediments at a large number of sites was measured in situ using a Pt/SCE combination electrode connected to a millivoltmeter sealed in a waterproof housing. The measurements were corrected to be relative to the standard hydrogen electrode (E h).
Samples of sediment water were collected using aquarium stones, buried beneath the sediment surface and connected via Tygon tubing to 50-ml polythene syringes. Water samples were also obtained in a less direct manner by extracting freshly collected small sediment cores. These cores were collected by inserting 50-ml syringes, with one end removed, into the sediment and manipulating the plunger to draw sediment into the tube. The syringes were excavated and sealed before final removal from the sediment. Extraction with a known volume of seawater (10 ml) was carried out within 1 h. The sediment and seawater mixture was shaken for 1 min, centrifuged, and the cleared water decanted and stored frozen until analysis. All sediment water samples were analyzed for inorganic nitrogen and phosphorus by the methods described for water analyses.
Algal analyses -Samples were collected from the reef front and crest. The samples were taken as representative of the major algal types-calcifying algae (Hulimeda sp. dominant), other macroalgae, blue-green algal mats, and the fine surface cover of mixed algae growing as a "turf' on the substratum (subsequently called turf algae). The samples were sort- ed at the reef and frozen in sealed containers until analysis. The algal samples usually contained large amounts of tightly bound calcareous sediment which was mostly removed by suspension of a dried, coarsely ground sample in water, allowing the lower density algal material to float free. The weight of any remaining sand was estimated by separate analyses for calcium and magnesium with the atomic absorption spectrophotometer.
The algal material was finely ground and 3-mg subsamples analyzed for total C and N in a Perkin-Elmer model 240 elemental analyzer. A correction for carbonate-C was calculated from the calcium and magnesium determinations.
Total P was measured as described for sediments. These values were corrected for the phosphorus in the sand by assuming a uniform value of 300 ppm in the sand, except for the Halimedu samples where the sediment is an integral part of the structure of the organism. All analyses were done in duplicate.
Results and discussion N und P in the water column---I-norganic N and P were present in very low concentrations in the water inside and outside the reef (Table 1) . Species of N were generally at or below detection limits (~0.05 PM) although water which had flowed over a 400-m shallow section of the reef was enriched in nitrate. This observation was consistent with other observations of inorganic N export from coral reefs Andrews and Miiller 1983; Hatcher and Hatcher in press) .
Phosphate was always above the dctection limit of 0.05 PM in the water inside and outside the reef. No significant diurnal changes were noted, although changes with time of year were detected (Table  1) . Our data do not show any effect on phosphate concentrations due to contact of water with the reef. This conclusion is consistent with the observations of Pilson and Betzer (1973) at Enewetak Atoll, but does not exclude a possible release of P in a confined space as claimed by Andrews and Miiller (1983) .
The inorganic As (arsenate plus arsenite) in the water is also shown in Table  1 . Because the As level was the same as that in other recent measurements of surf&e waters in the oceans (Andreae 1977 (Andreae , 1979 Sanders 1980) , we concluded that further analyses would not detect any significant changes. The P:As ratio was always 25. Although arsenate can be taken up by photosynthetic organisms in competition with phosphate (Benson and Summons 1981) , there is discrimination in favor of phosphate. Thus, it seems unlikely that arsenate would have any toxic effects on organisms in the water, unless they were sensitive to very low concentrations of As.
Analysis of reef algae-To survey roughly the phosphorus pool size and P and N status of benthic primary produc- ers on Davies Reef, we conducted a limited sampling of free-living algae from a variety of sites. Samples contained either one dominant species or a mixture of species, as found in turf algae. Table 2 contains results for N and P content of algal tissues, along with the C:N:P atomic ratios.
All analyses applied to basically multicellular algae with structural components. Thus, it was not surprising to find that the ratios (Table 2) were quite different from those for planktonic algae which often approximate the Redfield ratio (Redfield et al. 1963 ), but, on the average, resembled the values for herbaceous higher plants (Baumeister 1958 ) and other marine macroalgae from various environments (Atkinson 1981; Raven 198 1) . Analytical measurements for specific species of macroalgae under controlled growth conditions will be needed before any firm correlations can be established between C:N:P ratios and degree of nutrient limitation.
However, in three of the samples the N:P ratio was high P-60), and at least for these samples P limitation is strongly indicated. Phosphorus in reef sediments-The surface of Davies Reef, other than the living corals and algae, consists of finely divided carbonate sediments and fragments of porous coral, mollusc, and other skeletons. Even where there is a heavy coral cover on the growing margins, a large fraction of the surface is fine sediment (<l-cm diam). The origin of this sediment is principally the skeletons of calcifying algae (-35%)) fragments from corals (=25%), the remains of Foraminifera (= lo%), and fragments from molluscs (-25%) (S. Tudhope unpubl.). This composition is common to most coral reefs (Milliman 1974) and varied little on Davies Reef.
We assessed the possible presence of a phosphorus pool in the sediments of the reef by sampling at many sites to a depth of 10 cm (Fig. 1) . Total P was remarkably constant over all sites (Table 3) . Sediments from the sea floor outside the influence of the reef (generally about 50-m depth) contained phosphorus at a significantly higher level than the reef sediments (Table 3) . Away from the reef, the sediments were quite different in appearance, although probably mostly carbonates as indicated by the lack of observable silica residue after digestion. Solubilization of five reef sediment sam- ples with dilute (2% vol/vol) HCl, a procedure which should leave the bulk of organic P compounds intact, resulted in recovery of 80-83% of the total P as SRP. Thus the majority of the total P appears to be present as various inorganic phosphates. The concentration of phosphate in sediments does not involve just the biologically active surface layer. It is a long term net accumulation, provided that there is a net accumulation of carbonate sediments. This was established by the analysis of total P at intervals in core samples from Davies Reef to a depth of 5 m: no significant variation of P with depth was found. Hence, there is a vast and nearly uniform pool of inorganic P in the sediments-most of it phosphate. This observation was not confined to Davies Reef, as shown by samples from two other reefs-Myrmidon
Reef on the outer edge of the continental shelf east of Davies Reef, and Raine Island at the northern end of the Great Barrier Reef Complex. Values for total P were mostly very similar to Davies Reef (Table 3) . Thus it is probable that P is generally accumulated in reef carbonates. Just a few samples from Raine Island were variable and much higher in P. These came from the reef flat close to the accompanying cay, which contains a guano deposit.
Soluble P and N in sediments-The pool of inorganic P in the reef sediments (=0.025% P by wt) must be large compared to the biomass component of phosphorus (although plants can be lo-fold higher in total percent P and animals up to loo-fold higher: Pomeroy and Kuenzler 1969), because the living tissue is a very thin veneer, with no massive structures such as large macroalgae as a residue of P. The potential biological significance of the sedimentary extracellular pool of P must reside in its availability to the primary producers of the reef, particularly the benthic algae. We have therefore investigated the mobility of the pool of P and looked for a possible pool of available N in the same sediments, since an appropriate combination of soluble N and P could form the basis of the nutrient requirements of turf algae. The solubility of phosphate in the aqueous phase of elastic sediments and terrestrial soils depends on complex interactions involving adsorbing surfaces, redox potential, and cations such as Fe, Mn, and Al (Patrick and Khalid 1974; Bray et al. 1973; Stumm and Morgan 1970) . Although these cations are considered to be trace components of typical carbonate sediments (Milliman 1974) , their combined concentration is of the same order as the measured P and could conceivably influence P solubility, particularly in aerobic conditions. However, our measurements of redox potentials showed that the sediments were anaerobic with highly oxygenated water immediately above (Fig. 2) . Below about 5 cm the environ- ment was generally strongly reducing and, at a depth of 10 cm, active sulfide formation could be expected. These measurements also indicated that the top 10 cm of sediment must be an area of active bacterial metabolism, as found by Sorokin (1978) in sediments from Hawaii and the Marshall Islands. Under these conditions, P solubility would be little affected by the presence of Fe or Mn, due to the higher solubility of reduced (divalent) Fe and Mn hydroxides and phosphates. Thus, P should have some significant solubility which depended mostly on the molecular species of calcium phosphate present and on pH (Stumm and Morgan 1970) . Further, mineralization of organic N under these conditions would result in the formation of ammonium, rather than nitrate.
We sampled sediments for interstitial water in two different ways, with differ- ent results. In an attempt to obtain in situ samples, water was drawn through porous stones buried in the upper 10 cm of sediments. The other approach involved extracting sediment samples aerobically after collection. Concentrations of inorganic N and P obtained with stones were several factors below those with the alternative method (Table 4) . Further observations (L. Hammond unpubl. data) have confirmed that the first method resulted in samples diluted by water drawn in from above the sediments. The second method may also have given rise to unknown systematic errors due to the extra manipulations involved. While the quantitative results were therefore quite variable, there were clear qualitative features. There was a concentration of inorganic N, principally as ammonium. As nitrate is the principal form of inorganic N in the overlying water, nitrifying activity should occur at the sediment surface and perhaps preferential uptake of ammonium by epilithic organisms. Concentrations of phosphate in the interstitial water were 30-50-fold greater than in the overlying water. At least some of the N and P in the interstitial water must be freely available to algae intimately associated with the sediment. Only sampling in a confined space (Andrews and Miiller 1983) or washing substrate in the laboratory (Di Salvo 1974) seems adequate to detect a concentration gradient in the water column from reef sediments. The existence of such a gradient may also be dependent on the activity of photosynthetic organisms on or in the surface of the sediments.
The total As detected in surface sediments was variable about 1 ppm (Table  3) . In a laboratory experiment, As reached an equilibrium between reef sediment and seawater at a concentration of 0.1-0.2 ,xM compared to 0.015 PM in surface seawater, However, the P:As ratio in equilibrated water was at least 20, which implied that As was less likely to interfere with the uptake of P from sediment than from the bulk water.
In over 20 separate samples of interstitial water, the atomic ratios of N:P varied from 2 to 20. This lack of apparent relationship could mean that several processes are expressed in the N and P levels in interstitial water-nitrogen fixation, microbial mineralization of organic material, animal activity, and interaction of P with the inorganic matrix. All these processes can have defined spatial distributions not detected by our methods of sampling.
Laboratory investigations of sedimentary P desorption -We did laboratory experiments to obtain further information on the nature and extent of P desorption from sediments in contact with overlying water having low concentrations of P. A 15-kg sample of Davies Reef sediment was air-dried, thoroughly mixed, and subsamples were taken to measure the rapidly exchangeable P upon mixing with sequential samples of filtered bulk water from Davies Reef. Results of a run and experimental details are given in Fig. 3 . The concentration of P in solution in rapid equilibrium with the sediment sample is of the same magnitude as that in situ in interstitial H,O on the reef. Sequential washes (Fig. 3A) did not give dilution of the initial phosphate concentration, but some form of desorption.
A process of graphical iteration was applied to the data to estimate the amount of P adsorbed to the sediment in equilibrium with P in solution. With this value, adsorption isotherm coordinates were calculated from the original data and used to test various A-Sand (80 g dry wt) was placed in a polythene bottle and 250 ml of seawater from Davies Reef added (2.5 pg*liter-' reactive P). Mixture was shaken for 30 s and left to settle for 90 s. Then 200 ml of supernatant was removed and kept for phosphate analysis. This procedure was repeated with additions of 200 ml of seawater. Phosphate was analyzed with an autoanalyzer as described by Ryle et al. (1981) . R-After the rapid equilibrations, 200 ml was removed and replaced with 200 ml of seawater. Mixture was shaken for 4 h and samples of 5 ml were withdrawn at intervals. Samples were centrifuged to clarify and phosphate was measured.
isotherm equations. The best fit was given by a Langmuir isotherm of the form P P,hC ads = ____ 1 + hC (where Pads was the amount of P adsorbed, P, the limiting amount of P adsorbed at infinite C, h a constant, and C the concentration of P in solution). This equation is plotted along with the experimental data in Fig. 4 . The theoretical plot gave a value of 427 pg for P, in the experiment. This was ~2% of the total P in the sediment. However, this small component was in rapid equilibrium with the aqueous phase, and represented a reversible chemisorption process of P on the carbonate sand.
The initial P desorption (Fig. 3) could not be followed beyond the first few washes, since another desorption process began to interfere. This second process was followed with time, and a new equilibrium was reached much more slowly than in the initial washes (Fig. 3) . At no time did the concentration of P in the water fall to near that in the original seawater used: the final equilibrium concentration was 15-20-fold higher. The secondary desorption process detected was too slow to be followed in isolation from the first process, so the size of this adsorbed component was not estimated. An estimate was made of the fraction of the sedimentary pool of P which was chemically exchangeable into seawater. Sam- Experimental data (a) was derived from P desorption experiments as described in text (Pads in pg Peg-l dry wt of sediment). Calculated isotherm (-) was plotted using constants derived from experimental data. Expanded section (A) illustrates error estimates for experimental data.
ples of sediment were washed continuously with seawater, and the eluted SRP was measured. The pattern of elution depended on sample size, flow rate, and possibly residual P in the water. The concentration of eluted P was always highest at the start of the experiment and tapered off to the level in the water over a period of about 24 h. In this process, the sediment lost from 1 to 3% of the total pool of P as soluble material.
It is tempting to conclude that the components of inorganic P in reef sediment are directly comparable to the observed result of the processes of phosphate adsorption and subsequent crystallization as apatites on the surface of calcium carbonate (Stumm and Morgan 1970) . The biological significance is clear. A fraction of the pool of P is available to any photosynthetic organism in contact with the sediment at a solution concentration (> 1 PM) which can be utilized effectively (Nalewajko and Lean 1980). Even insoluble apatite in the interstitial spaces can be utilized by microorganisms (Smith et al. 1978) and spread into the water by wave action and bioturbation.
The dilute acid-insoluble portion of P (organic-as noted earlier) presumably can be broken down (or cycled) biologically to form phosphate to feed the inorganic pool, including the rapidly exchangeable fraction. The remainder of the total P (an unknown fraction) is probably trapped within the crystalline lattice of the carbonates and may be available to organisms that dissolve the carbonates.
Source of phosphate in sediments-The results presented here show that there are chemical and biological reasons for the potential loss of a large portion of P from the pool in the sediments. The work of Andrews and Mtiller (1983) suggested that loss of P may go on continually where water can be forced through sediments into the bulk phase. Laboratory work (Atkinson 1981) showed that there is not a net liberation of P from undisturbed coral reef sediment when there is a cover of photosynthetic organisms. This provides circumstantial evidence that P from the sediment is taken up by the epilithic organisms before it diffuses away. However, there must be overall losses from the sediment by chemical diffusion and the heavy grazing of turf algae by reef herbivores (Hatcher 1982 (1978) on measures of phosphate adsorption to calcite and aragonite, show that direct adsorption !from the low P concentration in the bulk water phase, resulting in net accumulation, is highly unlikely. Hence, there must be some biological pathways for the retention of P in sediments.
The obvious pathway for input is through particulate organic matter. On coral reefs, this does not include only fecal matter and dead organisms, but also the mucus produced by corals (Ducklow and Mitchell 1979) . Another process for the input of P might be incorporation in and adsorption on the surface of newly forming carbonate skeletons from the tis-sue in intimate contact with it, since phosphate can compete with carbonate during calcification (Simkiss 1964) . We attempted to test this hypothesis by oxidative removal of living tissue from growing coral skeletons and Hulimeda sp. with alkaline, saturated calcium hypochlorite. It was necessary to assume that any free tissue phosphate was precipitated by the calcium in solution.
Skeletons from 11 different types of corals on Davies Reef contained from 15 to 150 ppm of P, with one sample of 500 ppm; two intact coral tips had 400 and 490 ppm of P. Thus, a significant portion of the total P in corals seems to be associated with the skeleton. When the living tissue dies, microbial action could result in mineralization of tissue P and adsorption of more P to the skeleton. Five samples of morphologically distinct types of Hulimeda were treated like the corals. The whole algae gave a range of 150-520 ppm of P, and the same samples bleached gave loo-330 ppm of P. Thus, like the corals, additions to the sedimentary pool of P may occur as new skeleton is formed. The 34-fold range of P values may be due to variable tissue : skeleton ratios, variable surface area to skeleton weight, or variations in the metabolism of P by different organisms.
The processes described above for uptake of P into sediment involve the use of some P from the existing pool of P that is cycling within a coral reef, However, the cycling of P must be open. That is, there is loss to the water and gain of P from the water flowing through the reef (Pomeroy et al. 1974 ). There are two potential sources of net accumulation.
One is the capture of particulate organic matter (plankton) by corals and other animals. The less favorable source must be soluble P. A net uptake of soluble P depends on concentration, which is certainly more favorable to primary producers in interstitial water than in the water column. Work by others with reef organisms and algal cultures (Atkinson 1981; D'Elia 1977; Pomeroy et al. 1974; Brown et al. 1978) has shown that at the concentrations of P found in the water of Davies Reef and most other reefs studied, photosynthetic organisms continuously exchange phosphate with the water, but there is only very low or no net uptake of P. A better understanding of nutrient supply in the reef environment requires more knowledge of the behavior of different algae at the interface between very low concentrations of micronutrients in the water and the comparatively richer sources of these nutrients in the sediments.
General conclusion
Recent work (Hatcher 1983 ) has emphasized the central role of the mixed community of small benthic algae in primary production on coral reefs. The algae are intimately associated with the reef sediment and are continuously being cropped by the herbivores of the reef. The pool of P in the sediments (as described here) can provide soluble, available P to the "turf" algal community at a concentration (in equilibrium with part of the inorganic fraction of P) well above that in the bulk water. The same sediments can provide a concentrated supply of available N in interstitial water, which could be generated in part by N, fixation. The source of the P found in sediments is still uncertain. It may come from particulate organic matter in the water, since net uptake of soluble P into the benthos is unlikely.
